Aspergillus fumigatus, an opportunistic fungal pathogen that causes invasive aspergillosis in immunosuppressed patients, is considered to be the world's most dangerous mould. It is widely distributed in the environment, and airborne asexual conidia serve as the main mode of transport for pulmonary lung infection. It is important to monitor seasonal airborne conidia levels when assessing the risk of acquiring this infection. In this study, air was sampled for total viable fungal spores and viable A. fumigatus conidia monthly over a 2-year period (2009 and 2010) close to Manchester, UK, city center. Total viable airborne fungal counts varied seasonally, peaking in the summer and autumn for both years and reaching levels of approximately 1100-1400 colony-forming units (CFU)/m 3 ; counts were strongly positively correlated to mean temperature (R 2 = 0.697). By contrast, A. fumigatus viable airborne counts were not seasonally associated; persistent low levels were between 3 and 20 CFU/m 3 and were not correlated with mean temperature (R 2 = 0.018). A total of 220 isolates of A. fumigatus were recovered on potato dextrose agar (PDA) at 45
Introduction
Aspergillus fumigatus is an opportunistic pathogen that is widely distributed in the environment. It is associated with decomposing plant material and ubiquitous worldwide [1] [2] [3] . Due to the small size of its asexual conidia, spores are readily transmissible in the air and have a low settling rate compared with other Aspergillus species [4] . Air is considered to be the primary medium for the transport of conidia [2] . These conidia are involved in pulmonary infections in immunocompromised individuals and lead to a spectrum of diseases that range from pulmonary to systemic infection [5] . However, A. fumigatus is not the predominant fungal species in the airborne mycoflora [6] [7] [8] [9] [10] [11] .
Total airborne fungal counts are generally much higher in the summer and autumn months and are influenced by temperature and humidity. Aspergillus, Penicillium, Alternaria, and Cladosporium spp. are usually the predominant fungal species in the airborne mycoflora, with peak concentrations typically ranging from 10 2 to 10 4 colonyforming units (CFU)/m 3 [6, [12] [13] [14] . Few studies have specifically measured A. fumigatus airborne spore counts, and those that have give conflicting reports as to seasonal effects on spore concentration. Some studies have reported an increase in the autumn and winter months, possibly due to an abundance of decaying plant material, the result of autumn leaf fall, whereas other studies reported a lack of seasonal variation in airborne conidial numbers [2, 15, 16] .
With the exception of locations that are close to composting facilities, where concentrations of approximately 1 × 10 5 CFU/m 3 have been reported [17, 18] , or locations close to building demolition work, which is associated with elevated counts [19] [20] [21] , airborne counts have ranged from 0 to 70 CFU/m 3 [2] . In indoor environments, fungal spore concentrations are generally similar or lower than those observed outside. These fungal spores are associated with dust particles [22] and with potential reservoirs such as air-conditioning systems, carpets, and pets [23] [24] [25] [26] [27] . Monitoring and controlling airborne A. fumigatus are critical in hospital environments where the presence of A. fumigatus has been linked to nosocomial aspergillosis outbreaks [28] [29] [30] [31] . Previous studies that monitored airborne A. fumigatus counts relied heavily on morphological features for presumptive identification; few studies used rDNA for verification. Aspergillus fumigatus belongs to the section Fumigati, which was recently investigated and found to contain 28 species [32] , with several highly related strains being difficult to separate based on morphological parameters alone [33] [34] [35] [36] [37] [38] . Therefore, it is possible that other related species may form a significant proportion of the population previously thought to have been A. fumigatus. The aim of this study was to monitor the total airborne viable fungal count and the airborne putative A. fumigatus count over a 2-year period at an inner-city site in Manchester, UK, in order to increase our understanding of the variation in monthly levels of airborne A. fumigatus conidia. In addition, after presumptive identification of A. fumigatus strains by morphological examination, randomly selected strains were further characterized based on internal transcribed spacer (ITS) sequencing and restriction digestion analysis of a polymerase chain reaction (PCR) amplicon of the β-tubulin gene benA in order to verify the identity of the isolates, as morphotyping alone can lead to misidentification [37] . In addition, phenotypic variability within the population was also determined by measuring the colony radial growth rate (Kr) of isolates on three media. [38] . In total, 220 putative A. fumigatus isolates were collected over the 2-year period. Randomly selected isolates were further characterized by ITS rDNA sequencing as previously described [39] and by PCR-restriction fragment length polymorphism (RFLP) of a β-tubulin (benA) amplicon [36] .
Materials and methods

Cultivation of A. fumigatus isolates
Aspergillus fumigatus isolates were grown in 500-ml vented tissue culture flasks that contained 50 ml of PDA. The media in the flasks were streaked with spores and incubated at 37
• C for a minimum of 7 days or until confluent growth was obtained. Spore suspensions were prepared by adding 20 ml of sterile 0.05% (v/v) Tween 20 (Sigma-Aldrich, Dorset, UK), tightening the lid, and shaking vigorously to dislodge the spores. The spore suspensions were separated from mycelial fragments and conidiophores by filtering through a double layer of sterile lens tissue (Whatman, UK). Spore suspensions were mixed with an equal volume of sterile glycerol and stored at −80 • C until needed.
Colony Kr determination
Colony Kr measurements were performed as described by Robson et al. [40] . Petri dishes containing 20 ml of PDA or modified Vogel's medium [41] containing 1% (w/v) glucose instead of sucrose and ammonium nitrate (replacing ammonium sulfate in the presence or absence 0.2% (w/v) soy bean lecithin) were centrally inoculated by dipping the tip of a sterile cocktail stick into the spore suspension and gently piercing the center of the plate. Plates were incubated at 37
• C and readings taken twice a day by measuring the diameter of each colony in two perpendicular directions. The colony Kr was determined by plotting colony radius against time and calculating the slope of the regression line.
ITS rDNA sequencing and PCR-RFLP
Fungal genomic DNA was extracted from mycelia grown for 16-18 h on a rotary shaker (New Brunswick, UK) at 250 rpm in modified Vogel's medium containing 1% (w/v) glucose in liquid culture at 37
• C. Mycelia were harvested by vacuum filtration through Whatman 54 filter paper, washed with distilled water, transferred to a 15-ml polypropylene tube, and flash frozen in liquid nitrogen. Mycelia were either immediately used for DNA extraction or stored at −80 • C until needed. Frozen mycelia were either ground in liquid nitrogen to a powder using a mortar and pestle precooled to −20
• C or freeze-dried by lyophilization for 2 days. Genomic DNA was extracted using the DNeasy Plant minikit (Qiagen, UK) according to the manufacturer's instructions.
ITS rDNA of A. fumigatus was amplified as previously described [39] using the primers ITS-1 (5 TCCG-TAGGTGAACCTGCGG) and ITS-4 (5 TCCTCCGCT-TATTGATATGC). PCR was performed using 50 μl of reaction mixture that contained approximately 100 ng of genomic DNA. The final concentration of components in the PCR reaction was 1× PCR buffer (160 mM (NH 4 ) 2 SO 4 , 670 mM Tris-HCl, pH 8.8, and 0.1% stabilizer), 1.5 mM MgCl 2 , 0.02 mM of ITS-1 and ITS-4 primers (Eurofins, UK), 0.2 mM of dNTPs (Bioline, UK), and 0.5 U of Taq DNA polymerase (Bioline, UK). The PCR was carried out under the following conditions: denaturation at 95
• C for 1 min, followed by annealing at 55
• C for 1 min for 40 cycles, and finally extension at 72
• C for 1 min. PCR products were purified using a Qiaquick PCR purification column (Qiagen, UK) according to the manufacturer's instructions and sequenced in house. The ITS region is known to be inadequate for discriminating between closely related species within the Aspergillus section Fumigati such as A. fumigatus, A. lentulus, and Neosartorya udagawae. However, sufficient variation in the intragenic regions between these species has been shown in the β-tubulin encoding gene benA to enable the discrimination of these closely related species [36] ; this was used to further verify their identity. PCR was performed using 50 μl of reaction mixture containing approximately 100 ng of genomic DNA. The final concentration of components in the PCR reaction was 1× PCR buffer (160 mM (NH 4 ) 2 SO 4 , 670 mM Tris-HCl, pH 8.8, and 0.1% stabilizer), 1.5 mM MgCl 2 , 0.2 pM of each primer (βtubI and βtubII [Eurofins, UK]), 0.2 mM of dNTPs, and 0.5 U of Taq DNA polymerase. PCR was carried out under the following conditions: initial denaturation at 94
• C for 2 min followed by three cycles at 94
• C for 30 s, at 55
• C for 30 s, and at 72 • C for 45 s. The reactions were terminated with a final incubation at 72
• C for 5 min. Following the last cycle, 10 μl of the benA PCR amplicon was added to 1 × New England buffer 1 (New England Biolabs, UK),100 μg/ml bovine serum albumin (New England Biolabs), and 1.0 unit of BccI enzyme (New England Biolabs) and incubated at 37
Banding patterns were examined after resolving on a 1% (w/v) agarose gel and staining with ethidium bromide.
Results
Monthly variation in total viable and A. fumigatus airborne spores during 2009-2010
Air samples were taken at monthly intervals in the city of Manchester, next to the Michael Smith Building, University of Manchester, over a 2-year period from 1 March 2009 through 28 February 2011. The total viable airborne fungal In both years, counts fell sharply in November and remained low during the colder winter period before increasing rapidly in May (Fig. 1a) . The mean total airborne-viable spore counts were significantly higher in the summer (June through August) and autumn (September through November) compared with spring (March through May) and winter (December through February; P < 0.05; Fig. 2a ). With the exception of summer, there was no significant difference (P < 0.05) between comparable seasons over the 2 years (Fig. 2a) . When the mean monthly temperature and mean total viable airborne fungal counts were examined for the 2-year period, a significant (P < 0.05) positive correlation (R 2 = 0.697) was found such that higher total airborne fungal counts were associated with higher temperatures (Fig. 3) . By contrast, the putative airborne A. fumigatus counts fluctuated between 2 and 20 CFU/m 3 throughout the study period (Fig. 1b) , and there was no significant (P > 0.05) seasonal variation (Fig. 2b) and no significant correlation (R 2 = 0.018) with temperature (data not shown). Consequently, airborne A. fumigatus spores as a percentage of the total airborne fungal spores varied from 80%-95% in the winter to <1% in the summer and autumn in both years (Fig. 1a, 1b) .
Aspergillus fumigatus identification
A total of 220 putative A. fumigatus strains were isolated over the 2-year study period and were initially identified as A. fumigatus based on morphological characteristics and growth at 45
• C. Thirty-four Manchester and Dublin environmental strains were randomly selected and subjected to ITS sequencing. Most isolates showed no differences in their sequence; however, seven had between one and eight singlenucleotide polymorphisms (results not shown). However, taq polymerase, not proofreading polymerase, was used, and the difference may be due to the infidelity of the polymerase. Nonetheless, sequences were congruent with A. fumigatus. Recently, it has been shown that ITS sequencing alone is insufficient to discriminate between the closely related species A. fumigatus, A. lentulus, and N. udagawae within the section Fumigati and that these strains could be discriminated by comparing variable regions within the benA gene encoding β-tubulin by restriction digestion PCR amplification [36] . PCR benA amplicons of all 34 strains gave a single product of the predicted size that, after digestion with BccI, resolved as three distinct bands of 0.25, 0.15, and 0.1 kb (Fig. 4) . The number and size of these fragments were in agreement with those published for A. fumigatus [36] .
Colony Kr of environmental and clinical isolates
The relatively few studies that have compared the phenotypic variation in populations of A. fumigatus indicated, with small datasets, minor variations in growth rate, levels of pigmentation, and isoenzyme patterns [42] [43] [44] . Colony Kr is a convenient phenotypic parameter that is dependent on the specific growth rate, branching frequency, and peripheral growth zone width of the developing mycelium; changes in any of these are reflected in differences in the colony Kr [45] . The colony Kr of all isolates was determined on PDA and, for a subset of isolates, on Vogel's modified medium containing glucose or glucose supplemented with 
Discussion
This study provides information on the concentration of viable A. fumigatus airborne spores in the outdoor environment in Manchester, UK, compared with the total viable airborne fungal spores over a 2-year period. Determining the airborne spore level over a prolonged period of time is important since it would reflect the potential risk of pulmonary infections in immunocompromised individuals [2, 5] . However, it should be noted that in this study sampling was restricted to 1 day per month and variation in numbers between monthly readings was not measured. Despite the importance of A. fumigatus as an opportunistic pathogen and its ubiquitous occurrence in the environment, there have been relatively few studies on the annual levels of airborne A. fumigatus spores in outdoor environments [2] . More studies are needed to gain a comprehensive view of their frequency and seasonal variation in outdoor environments.
In this study, we recovered 220 A. fumigatus isolates that were putatively identified on the basis of their morphological characteristics and growth at 45
• C. Sequencing of the ITS1 and ITS4 regions of the rDNA of a number of randomly selected isolates indicated that they belonged to section Fumigati. Recently, it has become apparent that a number of isolates phenotypically highly similar to A. fumigatus are, in fact, closely related species within Fumigati and that ITS sequencing alone is insufficient to differentiate them [37] . However, it has been shown that there is interspecies variability at intronic regions in the sequence of the gene encoding β-tubulin (benA) sufficient to distinguish three of the major species within the section Fumigati, namely, A. fumigatus, A. lentulus, and N. udagawae [36] . Using a PCRrestriction fragment polymorphism of the benA amplicon of the strains subjected to ITS sequencing, all were confirmed to be A. fumigatus (Fig. 4) . Differentiating A. fumigatus from closely related species in the section Fumigati is clinically important as the related species have been shown to exhibit variable levels of azole resistance [33] . In addition, it also confirms that at least the majority of airborne spores thought to be A. fumigatus based on morphology in this study were, in fact, A. fumigatus. The annual total airborne fungal count in Manchester varied widely from >10 to 1333 CFU/m 3 and was strongly associated with the seasons, with higher concentrations recovered in the warmer summer and autumn and lower concentrations in the cooler winter and spring over the 2-year study (Fig. 2a.) . Such peaks in the total airborne fungal counts over the summer and autumn have been observed in temperate countries where warmer summer weather and autumnal leaf fall are thought to play important roles in increasing fungal growth, sporulation, and subsequent airborne spore numbers [6, 9, 12, [46] [47] [48] [49] [50] . In our study, this seasonal variation in total counts was also strongly positively associated with the average monthly temperature (Fig. 3) but not with humidity or rainfall (data not shown). While some researchers have found a correlation with other meteorological factors, including humidity, rainfall, and wind speed, others have found little or no such associations [10] [11] [12] 50] . Also, many have determined that various genera, such as Alternaria, Cladosporium, Aspergillus, and Penicillium, are largely responsible for these seasonal fluctuations in airborne spore levels, with the dominant genera varying depending on geographical location [6] [7] [8] [9] [10] [11] [12] [13] [14] [46] [47] [48] [49] [50] ; however, few studies have focused on specific species and, in particular, on A. fumigatus [2] . The majority of earlier studies report a small rise in airborne A. fumigatus counts during the winter. In a study of the outdoor air in Cambridge, UK [51] , elevated A. fumigatus airborne counts were reported during the winter (approximately 6-14 CFU/m 3 ); the highest levels of airborne A. fumigatus spores were also reported to be present in the winter in a study in Cardiff, UK [52] . A later study in Cardiff that compared airborne spore counts for A. fumigatus with those obtained in St. Louis, Missouri, USA, also confirmed higher counts in the winter [53] . A study in Spain, which compared airborne A. fumigatus counts from several locations throughout the province of Madrid, including both urban and rural sites, found peak counts in the autumn [16] . By contrast, a study in Michigan, USA, indicated a weak seasonal trend that peaked slightly in summer [54] , while a study at four sites in Dublin, Ireland, showed no seasonal trend [6] . In the present study, no seasonal variation was observed in the airborne counts of A. fumigatus over the 2-year period, with numbers falling within the range of 3 to 20 CFU/m 3 (Fig. 1b, 2b. ). [55] . In a study at sites throughout Dublin, Ireland, normal counts were found to be <10 CFU/m 3 , with occasional counts of up to 400 CFU/m 3 , which was attributed to occasional capture of conidiophores [6] . The only exceptions to these low spore levels were those found in investigations conducted close to composting facilities, where airborne counts as high as 104 CFU/m 3 have been reported. Note that A. fumigatus is a thermophilic mould and high levels of growth are associated with the composting process due to the high temperatures generated by this process [3, 17, 18] . In urban areas, the lack of seasonality and persistence throughout the year independent of temperature may suggest that the source of the spores is buildings and ventilation systems rather than decomposing vegetation and therefore not affected by seasonal fluctuations in temperature. Many studies have found a causative link between local building renovation and demolition work and an increase in the number of airborne A. fumigatus fungal spores [19] [20] [21] . The present study falls broadly in line with the majority of previous investigations that suggest A. fumigatus is present at low but persistent levels in the outdoor environment despite differences in geographical location, sampling methods, and culture media.
To examine variation in phenotypic characteristics within the Manchester environmental isolates and between these isolates and environmental isolates from Dublin and clinical isolates, colony Kr were assessed on three media (Table 1) . This is a convenient phenotypic parameter that is dependent on the specific growth rate, branching frequency, and peripheral growth zone width of the developing mycelium; changes in any of these are reflected in differences in the colony Kr [45] . In addition, several studies have suggested a positive correlation between growth rate and pathogenicity [56, 57] . Colony Kr of all isolates showed a wide variation on all media; however, the growth of every isolate was consistently and significantly (P < 0.05) higher on PDA and on Vogel's medium supplemented with PC. When the mean colony Kr of Manchester environmental, Dublin environmental, and clinical environmental isolates were compared, there was no significant difference when the isolate was grown on Vogel's medium or on Vogel's medium supplemented with PC. However, the group mean colony Kr of the clinical isolates on PDA media was significantly higher than the group means for the Manchester and Dublin environmental isolates. Overall, the range in colony Kr of the clinical strains was higher than the environmental strains. However, the highest colony Kr in the environmental strains overlapped the lower end of the clinical strains ( Table 1 ). The environmental A. fumigatus population is known to be genetically highly diverse [58] , and the higher colony Kr found in clinical isolates may therefore reflect selection of the environment of strains with the highest growth rate, which may aid in establishment of infection and evasion of macrophage engulfment [59] . The effect of PC is potentially highly significant as the surfactant coating the lung surface is made up of about 90% phospholipid of which PC is the most abundant [60, 61] . Apparently, this increase in the hyphal extension rate is not due to a change in the specific growth rate (Robson, unpublished observation) but rather to a change in morphology, with higher hyphal extension rates being achieved with a reduction in branching frequency. In the lung of immunocompetent hosts, conidia are rapidly removed by phagocytosis before they achieve a minimum germ tube length to escape this immune response [5, 59] . Hence, a faster extension rate in response to PC may be an adaptive response that enables germinating conidia to achieve a germ tube length of sufficient size to evade phagocytosis more quickly. A morphologically similar response has been reported for the cereal plant pathogen Fusarium graminearum and the related nonpathogenic mycoprotein fungus F. venenatum in response to choline and the related compound betaine [40, 62] . Both choline and betaine levels peak during anther emergence in wheat, which is the primary infection site of F. graminearum and has been postulated to aid in the infection process by stimulating rapid extension across the host [63] [64] [65] . Moreover, mutants in impaired choline transport in F. venenatum were no longer responsive to choline, suggesting uptake was essential and an internal site of action [66] ; a similar loss of response to PC has been shown in choline transport mutants in A. fumigatus (Robson, unpublished observation) . This strongly suggests that choline or phosphorylcholine liberated from PC as the result of extracellular phospholipase activity [67, 68] is likely to be the active compound that elicits the observed morphological effect. The morphological response of A. fumigatus to PC, correlation between pathogenicity, and the extent of the morphological effect and its possible role in lung infection all warrant further investigation.
Declaration of interest
